**Vascular endothelial growth factor (VEGF) in neurodevelopment and regeneration**: VEGF is a well-known factor that promotes vascularization and angiogenesis. Besides this it participates in the pathogenesis of several diseases, such as colorectal carcinoma, lung cancer or diabetic retinopathy. Within the last decade, VEGF has been successfully integrated into the treatment of such diseases, for example as a therapy for colorectal cancer with the VEGF-receptor (VEGFR)-inhibitor axitinib. VEGF effects in those diseases are primarily exerted *via* neovascularization and angiogenesis, which are mainly initiated by hypoxia to support tumor growth. VEGF is expressed by a high number of different cells, amongst others its expression was confirmed in different tumor cell-lines as well as in common, physiological cells. A well known initiator of VEGF (over-) expression is the hypoxia inducible factor (HIF), which is a transcriptional factor, leading to an enhanced VEGF expression.

In recent years, VEGF has become the focus of investigations with regards to effects within the neuronal system. At this juncture, data about the role of VEGF within the nervous system is rapidly accumulating, clearly showing that VEGF belongs to the long list of classical neuro-stimulative factors such as nerve growth factor (NGF), Slit/Robo or netrin-1. Some effects of VEGF in neurodevelopment and in different neurological diseases, such as glioblastoma or stroke have been shown, so that a deeper focus on the role of VEGF in neuronal structures seems to be a good foundation for new approaches to treat neurological diseases. Findings in diverse neuronal structures of both the central, and peripheral nervous systems underline the importance of VEGF in neurogenesis, and in the development of proper working neuronal networks (revised by Dumpich et al., 2015). An example for the multiplicity of cells giving response to VEGF stimulation are astrocytes. VEGF supports an increase in cell proliferation, gap junctional intercellular communication and cell motility (Wuestefeld et al., 2012). Besides this, there are currently many examples of neurons and glial cells of the peripheral and central nervous systems, such as dorsal root ganglia cells, hippocampal neurons, oligodendrocytes, schwann cells, granule cells or Purkinje cells which are positively affected by VEGF (Dumpich et al., 2015). For instance, it was shown *in vivo* that VEGF is indispensable for the development of the optic chiasm. Secreted by the floor plate, VEGF helps the axon to accomplish the complex process of commissural crossing to reach their final destination ([**Figure 1**](#F1){ref-type="fig"}). VEGF^120/120^ mice, which are unable to express the most abundant VEGF-A-isoforms: VEGF-164 and VEGF-188, displayed a range of growth-cone pathfinding errors with defasciculated ipsilateral and contralateral optic tracts. The axons were organized into two discrete bundles with an increase of axons that grew in an ipsilateral direction (Erskine et al., 2011). It can be concluded that the expression of VEGF is indispensable for the development of proper working neuronal networks and that VEGF plays a big role in important milestones of neurodevelopment.

![VEGF effects on the axonal grouth cone.\
(A) VEGF affects the actin-cytoskeleton within the axonal growth cone via activation of cofilin and the Arp 2/3-complex. There is no significant effect on the distribution of microtubules and neurofliaments. (B) VEGF stimulation leads to an increase of growth cone circumference and area. (C) VEGF guidance is essential for commissural crossing in the development of the optic chiasm. VEGF: Vascular endothelial growth factor; VEGFR: vascular endothelial growth factor receptor.](NRR-10-1725-g001){#F1}

In a recent study, the positive effect of VEGF-B in neuroregeneration was shown. Studies revealed *in vivo*, that VEGF-B is necessary for nerve regeneration. Neuroregeneration of VEGF-B deficient mice was decreased compared to wild-type mice. The cornea of the different mice models were injured and observed in regard of the rate of nerve regeneration into the injured area after one week. Wild-type mice did show a greater number of growing nerve endings into the injured zone than VEGF-B deficient mice. VEGF which was applied exogenously into adjacent subconjuntival space induced stronger nerve regeneration in both mice. The regeneration-range of VEGF-B deficient mice was confined to peripheral areas, while wild-type mice did show a larger area of nerve regeneration (Guaiquil et al., 2014).

VEGF also plays an important role in several brain diseases. In brain tumors for example, it was shown that hypoxia induced up-regulation of VEGF enhanced tumor growth (Neurath et al., 2006). These effects are mainly mediated by angiogenesis within the tumor tissue, but there are also hints that VEGF has a direct impact on different tumor cells, for example by enhancement of gap junctional cell communication within neoplastic neuronal cells (Zhang et al., 2003). This example of VEGF\'s effects in diseases makes it clear why the role of VEGF in the nervous system is of high importance. There are also several other diseases associated with VEGF, such as Alzheimer\'s disease or cerebral stroke. A better understanding of the role of VEGF within those diseases is important to establish new therapeutical strategies, such as the treatment of glioblastoma with bevacizumab.

**The role of VEGF in the axonal growth cone**: A structure of upmost importance for axonal growth and neurodevelopment is the growth cone, which is a highly motile structure at the tip of growing axons that lead growing axons to their final destination to form synapses. It was shown that growth cones of chicken dorsal root ganglion (DRG) neurons rapidly respond to VEGF stimulation and that VEGF acts as an attractant for growth cones, leading to directed growth. Furthermore, it was shown that VEGF-stimulation resulted in growth cones with larger circumferences and areas compared to control growth cones ([**Figure 1**](#F1){ref-type="fig"}). The measured sizes were comparable to results of NGF-stimulated growth cones. The combination of VEGF and NGF even potentiated these effects, leading to very large growth cones (Olbrich et al., 2013). As the growing velocity of growth cones is related to the size of the growth cone, bigger growth cones grow faster, smaller growth cones grow slower (Argiro et al., 1984). Hence it was shown that VEGF attracts growth cones and enhances the speed of growth. These effects are mediated *via* different VEGF receptors. For example, NRP1 is the corresponding receptor that is indispensable for the development of the optic chiasm, where it directs growth and axon crossing (Erskine et al., 2011). Other studies have revealed that VEGFR2 is responsible for directed growth cone guidance in chicken DRG growth cones (Foehring et al., 2012; Olbrich et al., 2013). Just recently, VEGFR3 has been discussed to be important during brain development, as this receptor is highly expressed during early developmental stages in rat neurons of the forebrain, however the receptor\'s expression then decreases throughout development (Ward et al., 2015). Because of the high diversity of expressed receptors in different neuronal tissues, cooperating receptors and even alternations in the expression levels of these different receptors at different stages of development is important to understand the cellular mechanisms of VEGF stimulation downstream of the receptors.

**Neurological diseases and VEGF**: VEGF is suspected to play a role in different neurological diseases such as Alzheimer\'s disease, amyotrophic lateral sclerosis or multiple sclerosis. It also participates in the development of brain tumors such as glioblastoma, by supporting tumor growth. Initial studies have shown that the inhibition of VEGF has positive effects against glioblastoma cells, but successful integration into the clinical treatment procedures of those tumors has not yet been possible with such positive effects as suspected. In clinical studies with Bevacizumab treatment, to block VEGF in glioblastoma tissue, patients with glioblastoma did not show any increase in the overall survival, compared to patients who received a placebo. The progression-free interval of glioblastoma was increased after VEGF treatment (Chinot et al., 2014). In recent studies, VEGF was also shown to participate highly in stroke. In ischemic hippocampal neurons, VEGF was able to attenuate the increase of outwardly delayed potassium currents, which support neuronal survival. Besides stroke, those currents also play a role in Alzheimer\'s disease and seizures (Wu et al., 2015). This underlines the role of VEGF in neuroprotection under unfavorable conditions, such as hypoxia. Therefore, VEGF might be an option for the treatment of neurodegenerative diseases.

**VEGF-effects in actin-signaling**: Time-lapse imaging of growth cones revealed that VEGF stimulation provokes rapid morphological changes of growth cones from chicken DRG neurons. Stimulated cells were microinjected with plasmids encoding for RFP-actin and GFP-NF-M (neurofilament). It was observed that growth cones, which were stimulated with VEGF, showed high filopodia and lamellipodia turnover rates and directional growth. Unstimulated control cells just scanned their environment and did not show significant growth, which underlines the strong stimulating effect of VEGF (Olbrich et al., 2013). Furthermore, it was observed that actin motility was higher than the motility of neurofilaments, and that growth was mainly driven by alterations in the actin distribution ([**Figure 1**](#F1){ref-type="fig"}). Immunohistochemistry supported those observations even more. Growth cones stained with antibodies against neurofilament, microtubules and phalloidin-rhodamine displayed an expression pattern typical of these cytoskeletal proteins. Microtubules and neurofilaments were mainly found in the central regions of growth cones, whereas actin was highly expressed in the peripheral region. VEGF-stimulation mainly affected the peripheral region, resulting in high actin-turnover (Olbrich et al., 2013). As such, actin seems to be of great importance for cytoskeletal reorganization downstream of VEGF-stimulation. Put another way, this means that VEGF affects signaling cascades that result in actin-reorganization. According to those observations, further investigations must be undertaken to figure out how VEGF influences the actin-cytoskeleton. There are well known models of actin signaling which involve Cdc42-dependent pathways, leading to actin reorganization. Those pathways have been shown in non-neuronal tissue downstream of VEGF, and in neuronal tissue downstream of other guidance cues, such as NGF, netrin-1 or brain morphogenetic protein 7 (BMP7). There are many hints that especially the actin-supporting proteins, cofilin and the Arp2/3-complex, are highly involved in VEGF dependent actin signaling pathways. Because of their properties, they seem to be at least partly responsible for the rapid morphological changes of growth cones after stimulation. Cofilin for example is regulated by different upstream signaling proteins, which are either able to activate or inactivate cofilin. These activity states are mediated via different proteins. It is not quite clear how the protein activation is organized. Additionally, spatiotemporal activation within neuronal structures plays an important role for directed growth. The regulation of the Arp2/3-complex is also of comparable complexity. Interestingly, the different proteins even interact with each other, which make actin-signaling a very versatile process in many ways (revised by Dumpich et al., 2015). These various observations open up questions concerning actin signaling, which is why it is of the highest importance to figure out how VEGF regulates actin-reorganization in different neuronal tissues. Furthermore, it might be of interest to find out how it can be integrated into other modes of regulation, and how it interacts with other growth-stimulating factors. The high number of actin-supporting proteins, the way they cooperate, their up-stream signals and their different modes of regulation, together enable a high number of potential targets that could interfere with actin-signaling. Additionally, the diversity of the responses of those proteins towards different growth factors, such as NGF, VEGF, Sema-3a or BMP7 must be investigated more thoroughly. This could allow us to figure out whether the suppression or over expression of certain factors supports or suppresses different effects on cells.

**Conclusion**: VEGF is highly involved in axonal growth, neurodevelopment and in the pathogenesis of different neurological disorders. It enhances neuroprotection under unfavorable conditions and supports the growth of cerebral tumor tissue. The effects of VEGF in axon guidance are primarily mediated *via* reorganization of the actin cytoskeleton, but the exact downstream signaling of VEGF signaling is not clear yet. All of those aspects lead us to suspect that VEGF will play a big role in upcoming neurological investigations and clinical treatments. It is conceivable that stimulation of axonal growth *via* VEGF will be used to support rehabilitation or regenerative processes after spinal cord injuries or axonal damage. Furthermore, the therapies of cerebral tumors by inhibition of VEGF, or the support of neuroprotective mechanisms after ischemic insults by up-regulation of VEGF, are therapeutical options that might be of interest to future investigations.
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